Introduction
============

There is a number of common procedures to fabricate carbon nanotubes (CNT) by, e.g. thermal sputtering of graphite in an electric arc, laser evaporation, etc. \[[@B1]-[@B8]\]. For any of them, the synthesized substance is a nanocarbon material (NCM) containing not only single-wall and multi-wall CNT, but also amorphous carbon, graphite nanoparticles, and catalyst refuses. Transition metals are commonly used as catalysts for the CNT synthesis. Their contents depend on the synthesis procedure \[[@B9]-[@B11]\]. To obtain CNT of the highest possible purity it is therefore vital to understand and control the routes of their rectification. At the same time, it is necessary to control the composition of the synthesized material. For instance, a fast method for quantitative analysis of the amorphous component is based on Raman scattering as described in Refs. \[[@B12]-[@B15]\]. The presence of the metallic component is commonly detected by the X-ray and electron diffraction, although they have low efficiency at low contents and high dispersity of the metallic constituent.

In this article, we report on the possibility of using thermomagnetic measurements to control the presence of metal catalyst refuses in the NCM. The suggested method is quite convenient since the allotropic forms of carbon are known to be diamagnetic whereas presence of even low quantities of metal particles promotes the onset of ferromagnetic or paramagnetic behavior of NCM.

Experimental
============

The NCM studied here were produced by a low-temperature conversion of a carbon monoxide in a catalytic process through the Bell--Boudoir reaction: 2CO = CO~2~ + C \[[@B16]\]. CO mixture with hydrogen has been flowed over a copper substrate with metal catalyst oxides were placed on it \[[@B16]\]. These oxides were partially reduced to a pure metal upon the synthesis process. Three types of catalysts (nickel, iron, and cobalt oxides) have been used for the synthesis of the studied NCM. According to Ref. \[[@B17]\], the as-prepared NCM specimens contain multi-walled CNT, particles of amorphous carbon and particles of the catalyst (specimen \#1: nickel nanoparticles, specimen \#2: Fe~3~O~4~ nanoparticles, specimen \#3: cobalt nanoparticles). Moreover, the structure, the morphology, and the phase composition of the synthesized NCM are determined by the type of the catalyst. For the removal of the metal-catalyst particles, the source material was soaked in strong acid solutions (HNO~3~, HCl) \[[@B18]\]. For the removal of the disordered carbon phase particles, the source material was annealed in air or in oxygen atmosphere in a temperature range of 773--873 K. In this range the disordered amorphous carbon phase is burning out whereas the CNT are stable up to 1,173--1,273 K.

Thermochemical treatment of as-prepared NCM involved the following stages: (1) annealing at 823 K for 30 min in air (the SSHOL-1300 laboratory furnace, provided temperature stability with a ±10 °C accuracy) (specimens \#1-T, \#2-T, \#3-T); (2) washing in the solutions of nitric (specimen \#1-C), sulfuric (specimen \#2-C) and hydrochloric (specimen \#3-C) acids; (3) annealing of the washed specimens \#1-C, \#2-C, and \#3-C at 823 K for 30 min (specimens \#1-CT, \#2-CT, \#3-CT); and (4) annealing of the specimens at 823 K for 30 min with the subsequent washing in a hydrochloric acid solution (specimens \#1-TC, \#2-TC, and \#3-TC). To reveal the influence of the thermochemical treatment at each stage, the phase composition was studied by the X-ray diffraction spectroscopy (XRD) with an X-ray diffractometer DRON4-07 (Co-radiation) and the X-ray phase analysis (JSM-840 microscope). Elemental composition was determined by the X-ray microprobe analysis relative to the composition of a gold film deposited on the surface of the specimen (three 500 × 500 μm^2^ areas were selected in each case). Besides, the temperature dependencies of the magnetic susceptibility were measured within the temperature range of 300--850 K using a standard Faraday technique \[[@B19]\] upon heating and cooling of the specimens. The heating and cooling rates did not exceed 10 K/min.

Results and Discussion
======================

Figures [1](#F1){ref-type="fig"}--[3](#F3){ref-type="fig"} display X-ray diffraction patterns obtained at different stages of the thermochemical treatment for a series of NCM specimens: Fig. [1](#F1){ref-type="fig"}-specimen \#1, Fig. [2](#F2){ref-type="fig"}-specimen \#2, Fig. [3](#F3){ref-type="fig"}-specimen \#3. Figures [4](#F4){ref-type="fig"}-[6](#F6){ref-type="fig"} show temperature dependencies of the magnetic susceptibility for the same specimens.

![XRD patterns for a series \#1 of NCM: 1, as-prepared NCM sample; 2, \#1-T; 3, \#1-CT; 4, \#1-TC](1556-276X-3-60-1){#F1}

![XRD patterns for a series \#2 of NCM: 1, as-prepared NCM sample; 2, \#2-C; 3, \#2-CT; 4, \#2-TC](1556-276X-3-60-2){#F2}

![XRD patterns for a series \#3 of NCM: 1, as-prepared NCM sample; 2, \#3-C; 3, \#3-CT; 4, \#3-TC](1556-276X-3-60-3){#F3}

![χ(*T*) dependency for specimens \#1 after different stages of thermochemical treatment: 1, \#1 (source); 2, \#1-T; inset: 3, \#1-CT; 4, \#1-TC](1556-276X-3-60-4){#F4}

![χ(*T*) dependency for specimens \#2 after different stages of thermochemical treatment: 1, \#2 (source); 2, \#2-C; inset: 3, \#2-CT; 4, \#2-TC](1556-276X-3-60-5){#F5}

![χ(*T*) dependency for specimens \#3 after different stages of thermochemical treatment: 1 and 2, \#3 (heating and cooling, respectively); 5, \#3-TC; inset: 3 and 4, \#3-C (heating and cooling, respectively); 5, \#3-TC](1556-276X-3-60-6){#F6}

One can notice that the character of the XRD spectra for each NCM specimen is substantially modified in the process of thermochemical treatment. The low intensity (002) reflections of graphite and distinct reflections of the catalyst are observed for all the source specimens. As a result of the thermochemical treatment the ratio of the intensities of graphite and catalysts reflections changes: the intensity of the graphite peak increases, while those for the catalysts decrease and eventually disappear. Such behavior reflects the changes in the content of these phase constituents. A thorough analysis of the XRD data for the compositional variation of different carbon phases is presented in Ref. \[[@B20]\].

Let us consider the variation of the catalyst content. The as-prepared specimens under study exhibit a ferromagnetic behavior due to the presence of ferromagnetic catalysts, namely, nickel, cobalt, and iron oxide, Fe~3~O~4~, in the specimens \#1, \#3, and \#2, respectively.

As it was stated earlier, the sharp intense reflections of Ni are observed in the XRD pattern for specimen \#1. The data of the X-ray microprobe analysis (see Table [1](#T1){ref-type="table"}) also indicates a significant content (\>60%) of Ni. The character of the magnetic susceptibility χ(*T*) curve for the source material is typical for NCM containing a substantial amount of nickel. However, estimates of the Curie temperature employing approximation of the magnetization with a zero value (see Refs. \[[@B21],[@B22]\] for details) have shown that a distinct characteristic of this specimen was a lower value of the Curie point (ca. 590 K) compared to that of a bulk nickel (631 K) \[[@B21]\]. From the analysis of a thermomagnetic behavior of carbon-metal nanocomposites performed in earlier studies \[[@B19],[@B22]\], this particular feature is thought to be directly associated with the size of nickel particles (*L*) and indicates their high dispersity. The results reported in Ref. \[[@B19],[@B22]\] demonstrated a good agreement between the calculated and the experimental values of the particle size. According to Ref. \[[@B22]\], the relationship between the Curie temperature *T*~C~ and *L* could be expressed as:

where *d* is the atomic diameter, *T*~Cb~ is the Curie temperature for a bulk nickel.

###### 

The content of elements in the source and thermochemically treated specimens of \#1, \#2, \#3 series

  Element   Content (%)^a^                           
  --------- ---------------- ----- ----- ----- ----- -----
  Ni        60               \<1   \<1   0     \<1   0
  Fe        0                0     40    1.5   \<1   0
  Co        \<1              0     0     0     16    \<1

^a^Error in determining the elemental composition is 0.5%

Estimation of the size of nickel particles in the source NCM \#1 using Eq. 1 gives*L* ∼ 5 nm. The character of the χ(*T*) curve after annealing does not change, however, the absolute value of the room temperature susceptibility decreases by a factor of two. This may be from the oxidation of nickel particles upon heat treatment in air and the formation of the antiferromagnetic NiO phase. Indeed, the XRD data (Fig. [1](#F1){ref-type="fig"}, curve 2) indicate presence of both of nickel oxide and pure nickel at this stage of the thermochemical treatment. At the same time, the increase of*T*~C~up to 612 K could be considered as a result of nickel re-crystallization. The value of*L*increases up to about 12 nm. The intensities of Ni and NiO reflections decrease almost to zero for specimen \#1 after subsequent stages of the thermochemical treatment (Fig. [1](#F1){ref-type="fig"}, curves 3 and 4). This indicates either a total removal of the catalyst or a disintegration of the nickel particles. In any case, it is impossible to estimate the content of the metallic ferromagnetic component from the XRD data, although, according to the X-ray microprobe analysis data, the Ni content is about 1% (Table [1](#T1){ref-type="table"}). For specimen \#1-CT, as well as for \#1-TC, a sharp decrease of χ-values was observed. Here, the magnetic susceptibility remains almost invariable within the whole temperature range indicating absence of ferromagnetic phases. However, the values of χ for these two specimens were found to be substantially higher than for the carbon support suggesting presence of antiferromagnetic or, perhaps, superparamagnetic metal-containing phases. At the same time, the value of χ for specimen \#1-TC is somewhat higher compared to that of specimen \#1-CT, i.e. formation of a NiO layer on the surface of Ni particles upon the thermal treatment reduces the efficiency of acidic chemical treatments.

XRD data (Fig. [2](#F2){ref-type="fig"}) revealed presence of Fe~3~O~4~ in the NCM specimens, which were obtained using the iron oxide catalyst. Analysis of the χ(*T*) dependencies (Fig. [5](#F5){ref-type="fig"}) and the value of the Curie temperature for specimen \#2 also allow to conclude that the catalyst particles present in this NCM in the form of Fe~3~O~4~ iron oxide. The value of the Curie temperature determined from the χ(*T*) dependency is 800 K, which is 58 K lower than the Curie temperature for a bulk Fe~3~O~4~ (858 K) \[[@B21]\]. Estimation of the particle size according to Eq. 1 gives the value of about 15 nm. The thermochemical treatment (either initially a chemical treatment followed by a heat treatment of the source material or vice versa) substantially reduces the relative amount of the magnetic phase in the NCM. As in the case of the Ni catalyst, this is confirmed by the data of the X-ray phase analysis (Fig. [2](#F2){ref-type="fig"}) and X-ray microprobe analysis (Table [1](#T1){ref-type="table"}). The susceptibility of these specimens decreases and becomes almost temperature-independent. Results for χ(*T*) revealed the presence of the refuses of the metal-containing phases. On the other hand, any sequence of stages of the thermochemical treatment (specimens \#2-CT and \#2-TC) results in almost the same reduction of the χ-values. Thus, regardless of the sequence of those stages, the composition of the catalyst refuses in this NCM turns out to be almost the same.

Figure [6](#F6){ref-type="fig"} illustrates the temperature dependencies of χ for specimens \#3 (cobalt catalyst). The XRD analysis reveals the presence of Co particles for this specimen (Fig. [3](#F3){ref-type="fig"}, curve 1). As it can be seen from Fig. [6](#F6){ref-type="fig"}, a complex temperature behavior of χ is observed for the source specimen. The observed specific behavior of the χ(*T*) curves is thought to be caused by phase transformations of cobalt upon heating (in particular, by its partial oxidizing). The X-ray studies do not reveal presence of Co or cobalt oxides at any subsequent stages of the thermochemical treatment. This could be caused by a high dispersity of Co or cobalt oxide particles. However, the thermomagnetic studies allow qualitative analysis of the transformations in the ferromagnetic phases resulting from the thermochemical treatment. Washing of the source specimen in a hydrochloric acid solution (\#3-C) leads to a substantial (more than tenfold) reduction of χ. However, no significant changes in the character of the χ(*T*) curve were observed. This observation suggests that such the thermochemical treatment procedure does not in general allow a complete removal of the catalyst refuses. A different situation is observed at further stages of the thermochemical treatment. Annealing of the source NCM specimen and the subsequent washing in a hydrochloric acid solution (\#3-TC) results in a sharp decrease (more than by two orders) of the χ-values. Moreover, the magnetic susceptibility is almost independent of temperature. This indicates an extremely low content of the metal catalyst in specimen \#3-TC. Thus, the proposed scheme of NCM cleaning from cobalt catalyst refuses is quite efficient. This conclusion is in agreement with the data of the X-ray microprobe analysis (see Table [1](#T1){ref-type="table"}).

Conclusions
===========

We performed studies of the temperature dependence of the magnetic susceptibility of CNT-containing NCM specimens synthesized using different transition metal (Fe, Co, Ni) oxides as catalysts. Our results demonstrated that magnetometry is an effective tool to control the content of ferromagnetic constituents. This method is capable to detect even low contents of metal catalyst. The proposed thermochemical treatment protocols result in effective cleaning of the source NCM from the refuses of ferromagnetic phases. The efficiency of cleaning is determined by the sequence of thermochemical treatment steps as well as the type of the catalyst.
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